Objective. High glucose-(HG-) induced neuronal cell death is responsible for the development of diabetic neuropathy. However, the effect of HG on metabolism in neuronal cells is still unclear. Materials and Methods. The neural-crest derived PC12 cells were cultured for 72 h in the HG (75 mM) or control (25 mM) groups. We used NMR-based metabolomics to examine both intracellular and extracellular metabolic changes in HG-treated PC12 cells. Results. We found that the reduction in intracellular lactate may be due to excreting more lactate into the extracellular medium under HG condition. HG also induced the changes of other energy-related metabolites, such as an increased succinate and creatine phosphate. Our results also reveal that the synthesis of glutamate from the branched-chain amino acids (isoleucine and valine) may be enhanced under HG. Increased levels of intracellular alanine, phenylalanine, myoinositol, and choline were observed in HG-treated PC12 cells. In addition, HG-induced decreases in intracellular dimethylamine, dimethylglycine, and 3-methylhistidine may indicate a downregulation of methyl group metabolism. Conclusions. Our metabolomic results suggest that HG-induced neuronal cell death may be attributed to a series of metabolic changes, involving energy metabolism, amino acids metabolism, osmoregulation and membrane metabolism, and methyl group metabolism.
Introduction
Diabetes mellitus is a group of metabolic disorder diseases affecting an increasing number of the population in the world. According to survey results from Shaw et al. [1] , approximately 6.4% of the global adult population suffered from diabetes mellitus in 2010, and this number will increase to 7.7% by 2030. The development of macro-and microvascular complications is the main cause of the morbidity and mortality of diabetes [2] . Diabetic neuropathy is the most common microvascular complication of diabetes and more than half of diabetics will develop neuropathy, which affects sensory, motor, and autonomic nerves and results in nontraumatic amputations and autonomic failure [3] . For symptom management, clinical evidence supports that diabetic neuropathy can be treated with an array of medications mainly including anticonvulsants and antidepressants [4] .
Hyperglycemia, as a common diabetes symptom, plays a great important role in the development of diabetic neuropathy [5] . Hyperglycemia induces oxidative stress in neurons, which in turn results in neuronal cell apoptosis and dysfunction [6] . An increased flux of the polyol pathway in the peripheral nerve tissues caused by hyperglycemia has been associated with the development of neuropathy [7] . Thornalley [8] reported that every component in diabetic nerves can be glycated and thereby resulted in neuropathy. Kamiya et al. [9] found a reduced protein kinase C (PKC) activity in Schwann cells cultured under high glucose. PKC has been shown to play a key role in nerve function and impact the development of diabetic neuropathy [10] . The lack of neurotrophins [11] and proinflammatory processes [12] are also related to diabetic neuropathy. Moreover, hyperglycemia was also found to affect the nerve conduction velocity [13] and alter the pattern of neurotransmitter release in the cerebral cortex [14] . Although the pathological causes of diabetic neuropathy are increasingly discovered, the potential metabolic mechanism of high glucose-induced toxicity on neuronal cells is still far from being fully understood.
The PC12 cell, as a mature cell line from a rat pheochromocytoma, has been commonly used as a cellular model for studying the mechanisms underlying neuronal cell death and neurotransmitter secretion [15] as well as glucose neurotoxicity [16, 17] . Yürekli et al. have used 1-methyl-4-phenylpyridinium-ion-induced PC12 cells as a cellular model of Parkinson disease to study the effect of Zonisamide on oxidative stress and caspase activity [18] . PC12 cells were also used to explore the protective effect of telmisartan on high glucose-induced neurotoxicity [19] . In the present study, a 1 H NMR-based metabolomics method was applied to examine both intracellular and extracellular metabolic changes in PC12 cells under high glucose in order to explore underlying metabolic mechanisms of high glucose-induced neuronal cell death.
Materials and Methods

Materials and
Reagents. PC12 cells were obtained from the Chemical Biology Research Center, Wenzhou Medical University. Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), and 0.25% trypsin-EDTA (1x) were purchased from GIBCO BRL (Eggenstein, Germany). Penicillin-streptomycin solution containing 10.000 units/mL penicillin and streptomycin and phosphate buffer saline (PBS) were purchased from HyClone. Methanol and chloroform were purchased from the Sinopharm Chemical Reagent Co., Ltd. (analytical grade). In addition, ultrapure water was prepared using the Millipore MilliQ purification system.
Cell Number and Viability
Assays. The cell viability was assessed with 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium bromide (MTT) assay for the selection of high glucose culture condition. In brief, PC12 cells were seeded at a density of 5,000 per well in 96-well microplates. After overnight incubation, the culture media were replaced with fresh DMEM media containing different concentrations of glucose (25, 50, 75 , 100, 125, and 150 mM) and PC12 cells were cultured for 24, 48, and 72 h, respectively. Subsequently, each culture well was added with 20 L MTT (0.5 mg/mL) and placed at 37 ∘ C for 4 h. Then, the medium was removed carefully and 150 L DMSO was added in each well to dissolve the formazan product. Finally, formazan absorbance was assessed at a wavelength of 570 nm using a microplate reader (Multiskan Mk3; Thermo Labsystems, Helsinki, Finland). Each experiment was repeated three times. Figure 1 illustrates the change of cell viability with increases of glucose concentration and culture time. We found that the cell viability was significantly decreased when PC12 cells were cultured with 75 mM of glucose relative to 25 mM of glucose for 72 h (Figure 1) . Furthermore, the number of PC12 cells in these two conditions for 72 h was also determined using a light microscope (Nikon eclipse Ti). In this study, we randomly selected six different horizons at 200 times for counting the number of PC12 cells by Image-Pro Plus 6.0 (Media Cybernetics, Bethesda, MA). Figure 2 shows that the number of PC12 cells was significantly decreased in 75 mM of glucose for 72 h as compared with 25 mM of glucose. Therefore, 75 mM of glucose and 72 h were selected as the high glucose (HG) condition and culture time for further studies, respectively. PC12 cells were routinely thawed and cultured in T-75 culture flasks with DMEM media containing 25 mM glucose, 10% FBS, 1% penicillin, and 1% streptomycin in a humidified atmosphere containing 5% CO 2 at 37 ∘ C. When confluent, these cells were trypsinized and seeded in 12 T-175 culture flasks (5 × 10 5 cells per flask). After 24 h seeding, PC12 cells were washed three times by PBS, and the culture media were replaced by fresh DMEM media containing 25 mM glucose as the control group ( = 6) and 75 mM as the HG group ( = 6). To reduce the hyperosmolar effect of glucose, 50 mmol/L mannitol was supplemented in the control group. After 72 h of culture, these cells were trypsinized, centrifuged at 300 ×g for 5 min at 4 ∘ C, and harvested for metabolomic analysis. Meanwhile, the corresponding culture media were also collected for NMR analysis.
Intracellular Metabolites Extraction.
The harvested cells were washed three times with cold PBS and then methanolchloroform-water extraction was used as previously described [20] . Briefly, cell pellets were resuspended in 500 L of ice-cold 2 : 1 (v/v) methanol/chloroform solution and then transferred into a 1.5 mL Eppendorf tube. After vortexing, the tubes were incubated on a mixer for 10 min at 4 ∘ C. Then, 250 L of ice-cold 1 : 1 (v/v) chloroform/H 2 O was added and mixed using a vortex mixer. The mixture was ultrasonicated on ice for 10 min and centrifuged at 13,000 ×g for 20 min at 4 ∘ C. The supernatant was collected, lyophilized, and stored at −80 ∘ C until analysis. 
Extracellular Metabolites Extraction.
Metabolites were extracted both from the blank medium (DMEM + 10% FBS) and from the conditioned culture medium using a modified Bligh-Dyer extraction method [21] . Briefly, 1 mL culture medium was transferred from each culture flask into individual 15 mL centrifuge tubes. Then, 3 mL of ice-cold methanol/chloroform solution (v/v 2 : 1) was added and followed by 1 mL of ice-cold chloroform. The mixture was centrifuged at 11,000 ×g for 20 min at 4 ∘ C for the separation between the upper (methanol/water) and lower (organic) phase. The upper phase fraction was freeze-dried and stored at −80 ∘ C for further analysis.
1 H NMR Measurement.
The lyophilized intracellular and extracellular extracts were reconstituted with 600 L D 2 O and centrifuged at 12,000 ×g for 10 min at 4 ∘ C. Then, 550 L aliquots of the supernatant were pipetted into 5 mm NMR tubes for 1 H NMR experiments. All 1 H NMR spectra were recorded at 25 ∘ C using a Bruker AVANCE III 600 spectrometer operating at 600.13 MHz equipped with a triple resonance probe. A one-dimensional ZGPR pulse sequence was applied to achieve satisfactory water suppression in aqueous extracts. Moreover, the other main acquisition parameters included data points, 32 K; relaxation delay, 8 sec; spectral width, 12,000 Hz; number of scans, 512; acquisition time, 2.66 sec per scan; exponential line-broadening function, 0.3 Hz. Figure 3 and Figure S1 , in Supplementary Material available online at http://dx.doi.org/10.1155/2016/4125731, illustrate the typical 1 H NMR spectra obtained from intracellular and extracellular extracts, respectively.
Spectral Preprocessing and Multivariate Data Analysis.
All spectra were phase-and baseline-corrected and referenced to the methyl peak of lactate (CH 3 ) at 1.33 ppm. Then, the spectra were integrated to binning data with a size of 0.01 ppm from 0.4 to 10.0 ppm excluding the residual water region from 4.66 to 5.02 ppm by using the Bruker Topspin 2.1 software (v2.1 pl4, Bruker Biospin, Germany). Finally, prior to multivariate data analysis, the binned data of each NMR spectrum were normalized to the total sum of the spectral intensity.
Partial least squares-discriminate analysis (PLS-DA) was performed to identify the separation between the control and HG groups using the SIMCA 13.0 software (Umetrics, Umeå, Sweden). Leave-one-out cross validation (LOOCV) and permutation tests (200 cycles) were conducted to assess the performance of PLS-DA. The explained variance ( 2 ) and the predictive ability (
2 ) of the model were calculated and these two parameters close to 1.0 mean an excellent model. In addition, the absolute value of the correlation coefficient, | |, in PLS-DA was used to identify variables mainly contributing to the separation between two groups.
Statistical Analysis.
Analysis of variance (ANOVA) was applied to evaluate the difference between the control and HG groups using SPSS software (version 16.0). The difference was considered statistically significant when < 0.05. Figure 3 illustrates typical 1 H NMR spectra detected from intracellular extracts in the control and HG groups, and a total of 26 metabolites were identified, involving energy metabolism, amino acid metabolism, osmoregulation, and membrane metabolism as well as methyl group metabolism. Then, multivariate data analysis (PLS-DA) was employed to analyze the metabolic difference between the control and HG groups. Results based on PLS-DA show that the HG group was clearly separated from the control group (Figure 4(a) ) and the model was validated by permutation tests (Figure 4(b) ). Figure 4( Figure  S1 shows typical 1 H NMR spectra obtained from extracellular extracts in the control and HG groups. To further examine the metabolic change in neurons under HG condition, PLS-DA was also performed on the basis of the 1 H NMR spectra obtained from extracellular media between the control and HG groups, as shown in Figure S2 . The clear separation between them suggests that metabolic perturbation also occurs outside the neuron. In the present study, relative changes of metabolite levels in the extracellular media cultured with control and HG cells compared with the blank media were calculated as listed in Table S1 . According to multivariate and univariate analyses, we found that the HG treatment reduced isoleucine (−9.57 ± 0.08 versus −8. Table S1 shows that both of the control and HG groups had increased levels of alanine (2.57 ± 0.13 versus 7.35 ± 0.15) and lactate (31.54 ± 0.36 versus 25.84 ± 0.51) compared with the blank media. However, the increased amount of lactate in the HG group (31.54 ± 0.36 versus 25.84 ± 0.51) was significantly higher than that in the control group, while the HG group had a lower amount of increased alanine level (2.57 ± 0.13 versus 7.35 ± 0.15), as shown in Table S1 .
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Discussion
Hyperglycemia plays a critical role in the development of diabetic neuropathy, which may be attributed to HG-induced neuronal cell death [22] . In this study, we found that the viability and number of PC12 cells were significantly decreased in the HG group (75 mM of glucose) compared with the control group (25 mM of glucose). However, the potential metabolic mechanisms are still unknown. Therefore, NMRbased metabolomics was used to examine the metabolic changes inside and outside the HG-treated PC12 cells, and the results show that HG-induced neuronal cell death may be associated with the changes of energy metabolism, amino acids metabolism, osmoregulation, and membrane metabolism as well as methyl group metabolism.
Effect of HG on Energy Metabolism in PC12
Cells. Cellular energy metabolism is closely linked with its functional activity. In neuronal cells, lactate has been demonstrated as an energy source by Wyss et al. [23] . Moreover, Avogaro et al. [24] reported that lactate plays a key role in providing energy for the brain other than glucose during hypoglycemia.
Results of the present study show that intracellular lactate level was significantly decreased in the HG group compared with the control group, indicating that the HG treatment may reduce lactate production in PC12 cells. In our previous study, a reduction in lactate level was observed in both of astrocytes and neurons in db/db mice compared with wild-type mice [25] . Our data also show that both groups had a significantly increased level of extracellular lactate, while a higher lactate was observed in the HG medium relative to the control medium. Therefore, under HG condition, PC12 cells may also excrete more lactate into the extracellular medium, which resulted in a further decrease in intracellular lactate level.
However, our data reveal that succinate, as a TCA cycle intermediate, was significantly increased in PC12 cells under HG condition relative to control condition. Moreover, we also found a higher creatine phosphate level in the HG-treated PC12 cells relative to the control cells. Creatine phosphate is a phosphorylated creatine that serves as a reserve pool of high-energy phosphates and is utilized for ATP formation in conditions of high-energy demand [26] . Therefore, this study suggests that energy metabolism in the HG-treated PC12 cells was mainly derived from glucose metabolism, but not lactate metabolism.
Effect of HG on Amino Acids Metabolism in PC12 Cells.
The branched-chain amino acids (BCAAs) such as isoleucine and valine are important nitrogen sources for glutamate synthesis via transamination [27] . In the present study, intracellular isoleucine and valine levels were significantly decreased in the HG group and meanwhile glutamate concentration was significantly increased, indicating that the glutamate synthesis from the BCAAs may be enhanced under HG state. In addition, according to intracellular and extracellular changes in alanine level, we found that the amount of alanine released into the medium was lower under HG condition as compared with that under control condition. Waagepetersen et al. [28] reported that alanine is a possible nitrogen carrier between glutamatergic neurons and astrocytes and thereby provides nitrogen for glutamate/glutamine synthesis in astrocytes. Hence, a higher intracellular level of alanine may be responsible for an increase in glutamate in the HG-treated PC12 cells. In our previous study, we also found an increased level of glutamate in neurons of db/db mice as indicated by enhanced enrichments in the C2, C3, and C4 of glutamate after [3- 13 C]-lactate infusion [25] . Glutamate is the major excitatory neurotransmitter in the central nervous system (CNS) [29] . The glutamate-glutamine cycle between astrocytes and neurons can regulate synaptic glutamate homeostasis and thereby maintain normal CNS function [30] . Thus, HG-induced increase in glutamate is probably one of the reasons for an increased PC12 cell death under HG condition. However, the level of aspartate, as another excitatory neurotransmitter, was decreased in the HG-treated PC12 cells relative to the control cells in this study. This finding is in disagreement with our in vivo mice study, where a significant increase in aspartate was observed in the brain of db/db mice as compared with wild-type mice [25] . In addition, intracellular phenylalanine level was increased and the corresponding extracellular concentration was reduced under HG condition. A high phenylalanine level has been found to cause cell death in cultured neurons [31] , which is related to the RhoA/Rho-associated kinase pathway [32] . Therefore, our data suggest that phenylalanine-induced PC12 cell death may also occur under HG condition.
Effect of HG on Osmoregulation and Membrane Metabolism in PC12
Cells. Osmoregulation plays a vital role in the maintenance of cell structure and function [33] . Myoinositol has been reported as an important osmolyte in astrocytes [34] . In the present study, we found that intracellular myoinositol level was increased in the HG cells relative to the control cells, which may be caused by an afflux of extracellular myoinositol. van der Graaf et al. [35] reported that the level of myoinositol was increased in the hippocampus of diabetic fatty rats compared to controls in order to avoid ion-induced perturbation of protein function. Moreover, myoinositol was also found to be increased in neurological disorders [36, 37] . Choline is essential for membrane phospholipid synthesis in all cells [38] . An increase in intracellular choline level in the HG-treated PC12 cells and a reduction of choline in the corresponding extracellular media were observed in our study, indicating the accumulation of choline for assuring the structural integrity of cell membranes. Therefore, HGinduced increases in myoinositol and choline may suggest a self-protection behavior of PC12 cells under HG stress.
Effect of HG on Methyl Group Metabolism in PC12 Cells.
Disturbance of methyl group metabolism has been implicated in various pathological conditions [39] . For instance, Wainfan and Poirier [40] found that the intake of methyl-deficient diets resulted in hepatocarcinogenesis in rats by inducing DNA methylation and aberrant gene expression. Defective methyl group metabolism may be associated with the neurological damage induced by HIV infection [41] . In addition, methyl groups were also disrupted in both type 1 and type 2 diabetes [41, 42] . Therefore, maintenance of methyl group metabolism homeostasis plays an important role in human health. However, in our in vitro study, we found that HG resulted in reduced intracellular dimethylamine, dimethylglycine, and 3-methylhistidine levels as compared with the control group, suggesting that a downregulation of methyl group metabolism may be induced by HG stress. Formate can be produced from many ways. In mitochondria, it is mainly derived from serine and glycine as well as two intermediates of choline catabolism, sarcosine and dimethylglycine [42] . In the present study, therefore, a significant decrease in formate level in the HG-treated PC12 cells may be attributed to a reduction in dimethylglycine under HG condition. Therefore, we speculate that a decrease in methyl group metabolism may also be responsible for HG-induced PC12 cell death.
Several limitations need to be considered as follows: (1) PC12 is a mature cell line from a rat pheochromocytoma, but it could be of great interest to use a primary neuronal cell line to study the mechanisms underlying HG-induced cell death; (2) these findings were based on an in vitro study, so it needs to be further verified by in vivo studies; (3) metabolites were limited to be detected by a single analytical technique, so an integrated analytical platform such as LC-MS and GC-MS is recommended to achieve a more detailed metabolic analysis; (4) the present results were only based on metabolomic analysis but combining with genomic or proteomic analysis will advance deep understanding of the mechanisms underlying HG-induced neuronal cell death.
Conclusions
In the present study, we expectedly found that HG induced PC12 cells death. Thus, NMR-based metabolomics was applied to explore the metabolic mechanisms underlying this phenomenon. A disturbance of energy metabolism and a reduction in methyl group metabolism were found in the HG-treated PC12 cells. HG treatment may enhance glutamate synthesis from BCAAs, resulting in the increase in glutamate level in PC12 cells. Moreover, our results suggest that phenylalanine-induced PC12 cells death may also occur under HG stress. However, increases in myoinositol and choline may indicate a self-protection behavior of PC12 cells under HG stress. The in vitro results proposed in the present study may advance understanding of the pathogenesis of diabetic neuropathy. However, these findings should be further verified in in vivo studies.
